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In the early Drosophila embryo, Bone morphogenetic protein (BMP) activity is positively and negatively regulated by the BMP-binding
proteins Short gastrulation (Sog) and Twisted gastrulation (Tsg). We show here that a similar mechanism operates during crossvein formation,
utilizing Sog and a new member of the tsg gene family, encoded by the crossveinless (cv) locus. The initial specification of crossvein fate in
the Drosophila wing requires signaling mediated by Dpp and Gbb, two members of the BMP family. cv is required for the promotion of BMP
signaling in the crossveins. Large sog clones disrupt posterior crossvein formation, suggesting that Sog and Cv act together in this context.
We demonstrate that sog and cv can have both positive and negative effects on BMP signaling in the wing. Moreover, Cv is functionally
equivalent to Tsg, since Tsg and Cv can substitute for each other’s activity. We also confirm that Tsg and Cv have similar biochemical
activities: Sog/Cv complex binds a Dpp/Gbb heterodimer with high affinity. Taken together, these studies suggest that Sog and Cv promote
BMP signaling by transporting a BMP heterodimer from the longitudinal veins into the crossvein regions.
D 2005 Elsevier Inc. All rights reserved.
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One interesting aspect of BMP signaling in many
developmental contexts is that its activity can be regulated
at the extracellular level by a number of secreted factors
(Balemans and Van Hul, 2002). In Drosophila, these
include the products of the short gastrulation (sog),
twisted gastrulation (tsg), and tolloid (tld) genes (Decotto
and Ferguson, 2001; Ferguson and Anderson, 1992;
Francois et al., 1994; Marques et al., 1997; Mason et
al., 1994; Ross et al., 2001). All three genes were identified
as modulators of BMP signaling in the early embryo, and0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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At the blastoderm stage, BMP signals provided by the
dorsally expressed Decapentaplegic (Dpp), and by the
generally expressed Screw (Scw), a second ligand that
forms a heterodimer with Dpp (Shimmi et al., 2005),
instruct cells to adopt either amnioserosa or dorsal
ectoderm fate (reviewed in Sutherland et al., 2003). Proper
subdivision into these two cell types requires the action of
Sog, Tsg, and Tld. Sog and Tsg are BMP-binding proteins
that make a high-affinity complex with the Dpp/Scw
heterodimer (Ross et al., 2001; Shimmi et al., 2005). This
complex reduces BMP signaling in the dorsal–lateral
regions by blocking the ability of the heterodimer to bind
to receptors. Thus, a major role of the Sog/Tsg complex is
to antagonize signaling, and similar activity has been
found for the vertebrate homologs Chordin and Tsg
(reviewed in Ray and Wharton, 2001b).282 (2005) 70–83YDBIO-01917; No. of pages: 14; 4C: 4, 5, 7, 8
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signaling in the dorsal-most cells of Drosophila embryo; it
is thought to do so by protecting the ligand from
degradation and enabling it to diffuse over long distances
(Ashe and Levine, 1999; Decotto and Ferguson, 2001; Eldar
et al., 2002; Holley et al., 1995; Marques et al., 1997; Ross
et al., 2001; Srinivasan et al., 2002). Since sog is expressed
in ventral–lateral cells adjacent to the dorsal cells that
express dpp, scw, and tsg, the net flux of Sog towards the
dorsal side provides a driving force that concentrates BMP
heterodimer in the dorsal-most region of the embryo. The
ligand is then released for signaling by Tld, an extracellular
metalloprotease that cleaves Sog in a BMP-dependent
manner (Marques et al., 1997; Shimmi and O’Connor,
2003; Shimmi et al., 2005). Concentration of the hetero-
dimer to the dorsal-most cells by this facilitated transport
mechanism provides a high level signal that specifies
amnioserosa cell fate, while dorsal–lateral cells receive less
BMP signal and become dorsal ectoderm.
The ability of Tsg to stimulate BMP signaling is
apparently not limited to the early Drosophila embryo.
Vertebrate Tsg can stimulate BMP signaling in some
circumstances (Larrain et al., 2001; Oelgeschlager et al.,
2000, 2003; Zakin and De Robertis, 2004), and is required
to stimulate high levels of BMP signaling during axis
formation in the zebrafish embryo (Little and Mullins, 2004;
Xie and Fisher, 2005; Zakin and De Robertis, 2004).
However, in these cases, Tsg may act, not via a transport
mechanism, but by antagonizing Chordin’s ability to inhibit
BMP signaling. Tsg increases the rate at which Chordin and
Sog are cleaved and thus inactivated by Tolloid-like
protease (Larrain et al., 2001; Shimmi and O’Connor,
2003). Nonetheless, zebrafish Chordin can also apparently
stimulate BMP signaling in some circumstances (Wagner
and Mullins, 2002).
We report another context in which both Sog and a
novel Tsg family member stimulate BMP signaling at the
developing crossveins in the Drosophila pupal wing. The
Drosophila wing has proven to be an attractive model
system for elucidating molecular mechanisms that regulate
growth and patterning (reviewed in Bier, 2000; de Celis,
2003; de Celis and Diaz-Benjumea, 2003). A major
attribute of this system is the stereotypical array of veins
that develop along the wing surfaces. These thickenings of
the ectodermal cuticle serve both structural support roles
for flight and act as channels for the supply of nutrients to
the wing cells. For the geneticist, they provide a key set of
morphological landmarks for identification of genes that
affect the patterning process. Analysis of many classical
mutations that alter vein cell fate and patterning have
revealed the fundamental roles played by three highly
conserved growth factor signaling pathways. For the five
longitudinal veins (L1–L5) that form along the proximal–
distal axis, a key initiating event is the localized expression
of Epidermal growth factor (EGF) signaling components in
the vein primordial cells during late imaginal discdevelopment (Diaz-Benjumea and Garcia-Bellido, 1990;
Guichard et al., 1999; Martin-Blanco et al., 1999; Schnepp
et al., 1996; Simcox et al., 1996; Sturtevant et al., 1993).
In response to EGF receptor signaling, Delta is expressed
along the veins and induces Notch to inhibit vein
formation in neighboring cells (de Celis et al., 1997;
Huppert et al., 1997). Subsequently, during pupal stages,
EGF receptor signaling induces expression of dpp within
the developing longitudinal veins (de Celis, 1997; Yu et
al., 1996). Expression of dpp in the longitudinal veins is
required for maintenance of EGF receptor signaling and
final vein differentiation, especially at the distal tips (de
Celis, 1997; Posakony et al., 1990; Ray and Wharton,
2001a).
In addition to the five longitudinal veins, two other
shorter veins form perpendicular to the longitudinal veins;
these are the anterior crossvein (ACV), which forms
between L3 and L4, and the posterior crossvein (PCV),
which forms between L4 and L5 (reviewed in Marcus,
2001). Unlike the longitudinal veins, the crossveins do not
rely on early EGF signaling for their initial specification
(Conley et al., 2000; Ralston and Blair, 2005). Instead,
their formation is initiated during pupal stage by localized
BMP signaling, which requires Dpp. However, in the case
of the PCV, Dpp is not initially produced in the
crossvein, but instead diffuses into the PCV region from
the longitudinal veins (Ralston and Blair, 2005). Dpp
does not act alone during this process since mutations in
glass bottom boat (gbb), a member of the BMP5/6/7
subfamily, also eliminate the PCV (Haerry et al., 1998;
Khalsa et al., 1998; Ray and Wharton, 2001a; Wharton et
al., 1999). Gbb is widely expressed during pupal wing
development (Conley et al., 2000), but an analysis of gbb
mutant clones has suggested that the active BMP
component for PCV specification might be a heterodimer
of Dpp and Gbb formed in the longitudinal veins, since
the PCV is lost only when the clone includes cells of the
longitudinal veins where Dpp is produced (Ray and
Wharton, 2001a).
Like the embryo, modulation of BMP signaling in the
PCV also appears to involve several additional secreted
proteins. For example, mutations in tolloid-related (tlr; also
known as tolkin) and crossveinless 2 (cv-2) eliminate PCV
formation by preventing BMP signals in the primordial PCV
cells (Conley et al., 2000; Finelli et al., 1995; Nguyen et al.,
1994). The tlr gene encodes a Tolloid-like metalloprotease
that is able to cleave Sog (Serpe et al., in press), while cv-2
encodes a protein containing 5 cysteine-rich (CR) domains,
similar to the BMP-binding modules found in Sog (Conley
et al., 2000).
The similarity of these proteins to those involved in
patterning the early Drosophila embryo suggests that
correct specification of the PCV likely involves establishing
a spatially regulated distribution of BMP ligand(s) through
the activity of extracellular modulatory factors. In this
report, we provide additional evidence supporting this
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analyzing its function. We show that cv encodes a new
member of the tsg gene family. Like mutations in cv-2 and
tlr, loss of cv prevents accumulation of phosphorylated Mad
(pMad), the active form of the major transcription effector
of BMP signaling, in the crossvein cells. In addition, we use
ectopic expression studies to show that Cv and Tsg have
functionally related activities, since each can substitute for
the other in vivo, and ectopic expression of Cv and Sog
phenocopies co-expression of Tsg and Sog. These observa-
tions led us to re-examine the role of Sog during wing vein
development. Previous clonal analyses suggested that Sog
acts as a dedicated antagonist of BMP signaling and helps
maintain longitudinal vein integrity (Yu et al., 1996).
However, we show here that Sog is in fact required for
BMP signaling in the PCV, as large sog clones inhibit PCV
formation. These data suggest that, as in the early embryo,
Sog plays a dual role in promoting and inhibiting BMP
signaling. In light of these results, we examined the
biochemical properties of Cv and found that, like Tsg, it
can form a high-affinity oligomeric complex with Sog and
BMP heterodimers.
Taken together, these results suggest that similar mech-
anisms govern PCV development and early embryonic
development. In the embryo, a Dpp/Scw heterodimer
specifies amnioserosa fate following ligand transport from
lateral to dorsal-most regions through the action of Sog and
Tsg. Processing of the complex by Tld then enables
signaling in a restricted spatial domain. We speculate that
formation of the PCV likely requires selective transport of a
Dpp/Gbb heterodimer from the longitudinal veins to the
PCV competent zone through the action of Sog and the Tsg-
like protein Cv. As in the embryo, the Tolloid-related
enzyme may release the ligand through processing of the
Sog/Cv/BMP complex to generate a spatially restricted
pattern of signaling in the PCV. This example illustrates
how, in different developmental contexts, related molecules
and common mechanistic processes can achieve new
patterning outcomes.Materials and methods
Drosophila stocks
UAS-sog, UAS-tsg-His, and A9-Gal4, were described
previously (Haerry et al., 1998; Ross et al., 2001). en-Gal4
and arm-Gal4 flies were obtained from the Bloomington
Drosophila stock center. EP(X)1349 is an EP insertion
(Rorth et al., 1998) into the cv locus. The y f36asog6FRT18/
FM7 stock (Yu et al., 1996) was provided by E. Bier. The
Ubi-GFP M(1)ospFRT18/FM7/Dp(1;Y)W73 stock was
established from stocks obtained from the Bloomington
Drosophila stock center. UAS-cv-His, tsgp-cv-His flies
were obtained by the injection of UAS-cv-His and
Casper4-tsgp-cv-His using standard protocols.Plasmid construction
Dpp-HA, Tsg-His, Sog-Myc, Mad-Flag, and Gbb-Flag
for tissue culture cells were described previously (Ross et
al., 2001; Shimmi and O’Connor, 2003). For generation of
Cv-His, the His tag sequence (RGSHHHHHH) was inserted
at the 3V end of the cv ORF and the resulting fragment was
sub-cloned into a metalothionein promoter vector for protein
production in S2 cells and a UAS vector for making
transgenic flies. A full-length cv cDNA LP07783 was
obtained from the Drosophila full-length cDNA collection
(Stapleton et al., 2002). A His-tagged cv ORF fragment and
a 2-kb fragment tsg promoter region (just upstream of tsg
ORF) were cloned into CaspeR4 vector to make the tsg
promoter-cv construct.
In situ hybridization
Pupal wings were prepared for in situ hybridizations as
previously described (Ralston and Blair, 2005); cv probe
was used at 1:25. In situ hybridization of cv to whole-mount
embryos was performed with digoxigenin-labeled RNA
probes and visualized with alkaline phosphatase precipitates
as previously described (Shimmi and O’Connor, 2003).
Developmental staging
Pupal wings were dissected from pupae aged from the
white prepupal stage. White prepuape were defined as
individuals that had ceased movement, everted anterior
spiracles, but had not yet begun tanning of cuticle.
Individual white prepuape were picked and reared at 258C
until dissection. Imaginal discs were dissected from wander-
ing third instar larvae.
Mitotic recombinant clones
To generate sog clones, y f36asog6FRT18/FM6; hs-flp/+
virgin females were crossed to Ubi-GFP M(1)ospFRT18/
FM7/Dp(1;Y)W73 males. After a 4- to 5-day egg-lay, bottles
were heat shocked at 388C for 90 min to induce mitotic
recombination. White prepupae were picked 4 days later,
aged at 258C, then dissected and fixed as described below.
Immunostaining
Pupal wing dissection, fixation, and staining were
performed as previously described (Ralston and Blair,
2005). Rabbit anti-pMad antibody was a gift from P.
tenDijke and was used at a 1:2000 dilution. Mouse anti-
DSRF (Geneka) was used at 1:1000.
Cell-based signaling assay and RNA interference
A cell-based assay for BMP signaling was described
previously (Shimmi and O’Connor, 2003). Equivalent
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Dpp-HA, Gbb-Flag, Dpp-HA/Gbb-Flag heterodimer, or
mixture of Dpp-HA and Gbb-Flag homodimers were used
to compare their abilities to stimulate Mad phosphorylation.
For RNA interference, the PCR primers used to make
templates for the production of dsRNA for the Tkv, Sax, and
Punt receptors were previously described (Shimmi and
O’Connor, 2003). Protein samples were run on 4–12%
gradient NuPAGE gels (Invitrogen) under reducing con-
ditions and developed for immunoblotting.
Immunoprecipitation
To detect each ligand’s interaction with Sog and Cv or
Tsg, equal amounts of Dpp-HA, Gbb-Flag, Dpp-HA/Gbb-
Flag heterodimer, or mixture of Dpp-HA and Gbb-Flag
homodimers were incubated with Sog-Myc, Cv-His/Tsg-
His, or Sog-Myc/Cv-His/Tsg-His for 3 h at 258C. The
samples were then incubated overnight at 48C with anti-HA
and anti-Flag antibodies coupled with beads. The beads
were washed and extracted by 1 SDS-PAGE sample bufferFig. 1. The tsg2 gene is allelic to the crossveinless locus. (A) Sequence alignment
reveals expression in cells surrounding the tracheal pits at stage 11. (C) In situ h
enriched to parallel stripes along the vein primordial cells. (D) Genomic organ
transcription. The five exons of cv are shown, the empty boxes represent 5V and
triangle shows the location of the insertion site of EP(X)1349. The dashed lines s
arrow marks the insertion point of a 412 element associated with the original cv1at 908C for 10 min, then probed with anti-Myc A14 (Santa
Cruz Biotechnology, 1:1000) and anti-His (Qiagen, 1:1000)
antibodies.Results
Demonstration that Crossveinless encodes a Tsg homolog
We have previously established that Tsg is a BMP-
binding protein that forms a complex with Sog to regulate
availability of BMP ligands to receptors (Ross et al., 2001).
Since Tsg is only expressed in the blastoderm embryo
(Mason et al., 1994), we wished to determine if other Tsg
homologs are encoded in the Drosophila genome, and if so,
whether they might regulate BMP activity at other devel-
opmental stages. Using BLAST searches, we found that
CG12410 (Tsg2) shows high sequence similarity to Tsg,
particularly in two cysteine-rich (CR) domains called CR-N
and CR-C (Fig. 1A) that are conserved motifs found in all
members of this protein family (Vilmos et al., 2001). Overall,of Tsg and Tsg2 (Cv) proteins. (B) In situ hybridization of cv in the embryo
ybridization of cv in the pupal wing 21 h after pupation. cv expression is
ization of cv and surrounding loci. The arrows represent the direction of
3VUTRs, and the black box represents the coding sequence. The inverted
how the deletion points of cv mutants by P element excision. The vertical
mutation (Vilmos et al., 2005).
O. Shimmi et al. / Developmental Biology 282 (2005) 70–8374the Tsg and Tsg2 proteins show 44% amino acid sequence
identity and 61% similarity. Within the CR-N and CR-C
domains, the identities are 64% and 69%, respectively.
To determine the temporal and tissue-specific profile of
tsg2 expression, we carried out in situ hybridization on
embryos, third instar larvae, and pupal wings. A full-length
cDNA was obtained from the Drosophila unigene set
(Stapleton et al., 2002) and used to make sense and
antisense probes. In the embryo, tsg2 expression is first
detected at stage 11 in cells surrounding the tracheal pits
(Fig. 1B). Expression then fades and no prominent areas of
mRNA accumulation are observed at other embryonic
stages. In wing imaginal discs, tsg2 expression appears
low and uniform (not shown), while in pupal wings there is
prominent expression at the boundaries of the forming veins
(Fig. 1C). No patterned staining was observed with the
control sense probe developed for similar periods of time
(data not shown).Fig. 2. cv mutant phenotype and rescue by overexpression of cv and tsg. (A)
crossveinless. (B) A wing of cv1 mutant fly. As in cv70, both anterior and poste
detectable in the PCVof 19–20 h AP cv70 pupal wings, but appears expanded in th
DSRF (green) can be detected in many of the same cells outside of presumed longi
cv70 fly. The longitudinal veins of cv fly are expanded. (E) In control, yw pupal w
(green) are not detected in many of the same cells surrounding the longitudinal vei
phenotype of cv70 mutant is rescued by overexpression of Cv in the pupal wing. (
Tsg in the pupal wing. (H) cv1 mutant can be rescued by overexpression of Cv.The tsg2 gene resides in the cytological interval 5A13
on the X chromosome, which is near the interval in which
the crossveinless (cv) mutation has been mapped (Wad-
dington, 1940). Since both Dpp and Gbb, two BMP ligands,
as well as other BMP pathway components such as the
metalloprotease Tlr and Cv-2, the member of a new class
of CR domain proteins, are all required for crossvein
formation (Conley et al., 2000; Nguyen et al., 1994;
Ralston and Blair, 2005; Ray and Wharton, 2001a), we
sought to determine if tsg2 was allelic to cv. A search of
the Berkeley Drosophila Genome Project revealed the
existence of strain EP(X)1349 that has a P element
insertion 0.7 kb upstream of predicted tsg2 ORF. We
excised this P element to generate deletions into the tsg2
gene. Eleven w excision lines were obtained. Ten of
these lines were viable and showed a crossveinless
phenotype when homozygous (Fig. 2A), while one line
was homozygous lethal. Using PCR, we determined theA wing from a cv70 excision mutant fly. The null mutant is viable and
rior crossveins are missing. (C) A control, y w fly wing. (D) pMad is not
e longitudinal veins. (DV) In 19–20 h AP cv70 pupal wings, pMad (red) and
tudinal vein territory (white bar). (DU) Higher magnification of adult wing of
ings, 19–21 h AP, pMad is detected in the PCV. (EV) pMad (red) and DSRF
ns (white bar). (EU) Higher magnification of control wing. (F) Crossveinless
G) Crossveinless phenotype of cv70 mutant is rescued by overexpression of
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as two of the homozygous crossveinless viable lines. The
lethal line contained a large deletion that removed the
entire tsg2 coding sequence as well as the downstream
gene CG3149. In contrast, the two viable crossveinless
lines contained deletions starting at the insertion point and
terminating within the 2nd large intron (Fig. 1D). These
deletions remove the translational start site as well as the
first coding exon and presumably represent null alleles.
To determine if tsg2 is allelic to cv, we carried out
complementation tests and found that the cv1 allele did not
complement either of the two tsg2 excision alleles for
crossvein formation. In addition, we carried out PCR
analyses of the cv1 mutation and determined that it
contained a DNA insertion into intron 2. This insertion
has now been determined to be a 412 element (Vilmos et al.,
2005). Furthermore, the crossveinless phenotype of the cv1
allele could be rescued by overexpression of Tsg2 (Cv)
protein (Fig. 2H). We conclude from these data that cv is
allelic to tsg2 and that it is not required for viability but is
needed for proper formation of both the anterior and
posterior crossveins.
Cv has both positive and negative effects on BMP signaling
in the developing veins
In the Drosophila embryo and vertebrates, Tsg family
molecules can have both positive and negative effects on
BMP signaling. To determine whether loss of cv had
positive or negative effects on BMP in the pupal wing, we
dissected wings from pupae and stained them with an
antibody that detects the phosphorylated (active) form of
Mad (pMad), a transcription factor required for mediating
BMP signals (Massague and Chen, 2000). In wild-type
wings, strong pMad staining is seen in the longitudinal vein
precursor cells beginning around 19–22 h after pupation
(AP) (Figs. 2E, EV) (Conley et al., 2000). From approx-
imately 17–22 h AP, pMad can be detected in some cells of
the presumptive longitudinal veins and accumulates in a
broad patch of cells in the region where the PCV forms.
This staining refines during subsequent development (24–28
h AP) into a narrow stripe of cells that form the PCV (data
not shown). In cv mutants, pMad never accumulates in the
developing PCV (Fig. 2D). This indicates that Cv is needed
to achieve high-level BMP signaling in the PCV. However,
at 21 h AP, pMad accumulation also appears expanded
outside of the longitudinal vein domains, as indicated by co-
staining for the intervein marker Drosophila serum response
factor (DSRF), while in control, y w wings there is little
overlap between pMad and DSRF (compare Figs. 2DV to EV).
This suggests that Cv is also acting at this stage to help
refine BMP signaling along the longitudinal veins. Con-
sistent with this view, we note small stretches of the
longitudinal veins that are widened in cv mutants (compare
Figs. 2DU to EU). A similar phenotype has been described
previously for sog loss-of-function clones (Yu et al., 1996).Since the in situ hybridization revealed an enrichment of
cv expression along the developing veins, we sought to
determine if the restricted expression profile was required
for correct vein development. Accordingly, we used the
UAS/Gal4 system to ectopically express cv uniformly in the
developing wing using the ubiquitous arm-Gal4 driver in a
cv mutant background. The crossveinless phenotype of cv
mutant was completely rescued by two copies of arm-Gal4
driving UAS-cv (Fig. 2F), while one copy gave partial
rescue (data not shown). Interestingly, even though cv is
ubiquitously overexpressed in the pupal wings by this
driver, pMad staining was recovered only in the prospective
crossveins (data not shown). These results indicate that,
while a certain amount of Cv protein is required to achieve
proper BMP signaling in the PCV, the spatial pattern of
expression is not important. A similar result has been seen
for Tsg in the embryo; even though tsg is normally
expressed in only a limited number of dorsal cells, ventral
expression of tsg can rescue amnioserosa development
(Mason et al., 1997). These observations suggest that Tsg
family members can diffuse readily throughout the extrac-
ellular compartment.
Cv and Tsg are functionally equivalent
Since Tsg and Cv show significant amino acid
conservation and both are required to achieve high-level
BMP signaling in their respective tissues, we sought to
determine if they could functionally substitute for one
another during development. Using the arm-Gal4 driver,
we found that certain lines of UAS-tsg could give
complete rescue of the cv mutant crossveinless phenotype
(Fig. 2G), while others gave partial rescue (not shown).
Similarly, to determine if Cv could substitute for Tsg in the
early embryo, we fused the tsg promoter to the cv coding
sequence and used this to generate transgenic flies. Once
again, some transgenic lines gave very good rescue
(N50%) of expected progeny, while other lines showed
weaker rescuing ability. We infer that the line dependence
of the rescue in each assay likely reflects differences in
expression levels of the various inserts. We conclude that
these proteins are functionally equivalent although each
may have been optimized during evolution for its own
particular developmental function.
Sog is required for crossvein formation
In both vertebrates and invertebrates, Tsg family mem-
bers have been found to form complexes with a BMP ligand
and a member of the Sog/Chordin family of extracellular
BMP-binding proteins (Chang et al., 2001; Oelgeschlager et
al., 2000; Ross et al., 2001; Scott et al., 2001). In the early
Drosophila embryo, it is the complex of Tsg and Sog that is
responsible for forming and modulating the BMP activity
gradient that specifies formation of the dorsal ectoderm and
the amnioserosa. Since sog is expressed in intervein cells of
O. Shimmi et al. / Developmental Biology 282 (2005) 70–8376the pupal wing (Ralston and Blair, 2005; Yu et al., 1996),
we sought to determine if it is also required for crossvein
formation and whether it can form a complex with Sog and
BMP ligands. Previous clonal analysis demonstrated that
sog is required to prevent Dpp from signaling outside of its
expression domain in the pupal longitudinal veins (Yu et al.,
1996). Mutant clones exhibited a limited amount of
longitudinal vein meandering, but no effects on crossveins
were noted. However, these results were based on small sog
mutant clones that occupied only one of the two surfaces of
the adult wing, and if Sog is diffusible, large sog mutant
clones may be necessary to observe the full consequences of
its loss of function.
We therefore generated large sog clones spanning both
surfaces of the wing using the Flp/FRT/Minute technique.
We found that large sog mutant clones that encompassed
both surfaces of the wing disrupted adult crossveins (Fig.
3A); in pupal wings, such clones disrupted the accumulationFig. 3. sog is required for crossvein development. (A) Large sog null clone occu
formation of the PCV in adult wing (approximate location of clone in red, marked
nearly the entirety of both surfaces of the wing. pMad is disrupted in both crossvein
panel B. (D) sog clone spanning most of one surface of a 19 h pupal wing disr
indicated by white line. (DV) GFP (green) marks the wild-type tissue in this surface
wing shown in D–DV. On this surface of the wing, the sog clone (white outline) en
wild-type. pMad is reduced in the ACV and disrupted in a portion of the PCV (
surface shown in E. pMad is in red. (F) In a 21 h pupal wing, a double-sided
longitudinal vein 4 and a portion of L5: pMad is detectable in the portion of the P
(G) A double-sided sog clone (outlined in red) that encompasses the central regiof pMad in both presumptive crossveins (Fig. 3B), and
DSRF was up-regulated within most of the PCV (Fig. 3C).
Interestingly, such clones disrupted pMad in the crossvein as
early as 19 h AP (Fig. 3D), which is when BMP signaling is
initiated in the crossveins. No other patterning defects were
obvious in these wings, indicating that Sog is not required
for earlier patterning of the wing imaginal disc along the
anterior/posterior axis, but plays a special role in crossvein
development. This result is consistent with the effects of sog
hypomorphic alleles, which can also disrupt crossvein
development (Serpe et al., in press).
Some pupal wings containing large sog clones displayed
an intermediate phenotype: pMad was disrupted in a portion
of the PCV. In such wings, some wild-type tissue remained
near at least one of the longitudinal veins close to the PCV
(Fig. 3F). In contrast, smaller, double-sided sog mutant
clones located on the crossveins did not disrupt crossvein
development (Fig. 3G). These results indicate that endog-pying the posterior compartment of both surfaces of the wing disrupts the
with forked). (B) A 26 h pupal wing containing sog null clones spanning
s. (C) DSRF is expressed in the prospective PCV in the same wing shown in
upts pMad in the PCV, and reduces pMad in the ACV. Clone boundary is
of the pupal wing shown in D. pMad is in red. (E) The other surface of the
compasses crossvein tissue, but the tissue near longitudinal veins 4 and 5 is
arrowhead). (EV) GFP (green) marks the wild-type tissue in the pupal wing
sog clone (double-sided region outlined in red) that encompasses all of
CV nearest wild-type longitudinal vein tissue (arrowhead) and in the ACV.
on of the PCV does not alter pMad in the PCV of a 26 h pupal wing.
Fig. 4. Overexpression of Sog and Cv can both block and promote BMP
signaling in the wing. (A) Wing from a fly expressing A9-Gal4 N UAS-cv.
No obvious phenotype is seen. (B) Wing from A9-Gal4 N UAS-cv, sog.
Wings are smaller and several veins are missing or fused. (C) Wing from a
fly expressing en-Gal4 N EP(X)1349, UAS-sog, demonstrating truncated
posterior-compartment longitudinal veins and ectopic venation in the
anterior compartment. (D) In 19 h pupal wings of the same genotype
as C, pMad is expanded in the anterior compartment, but is not detected in
the presumptive PCV. (E) pMad (red) and DSRF (green) in the same wing
shown in D; expansion of longitudinal veins appears yellow. (F) In 24 h
pupal wings of the same genotype as C, pMad is detectable in a portion of
the PCV, in the longitudinal veins, and in an ectopic blob near longitudinal
vein 3 (asterisk). pMad is not detectable in the distal regions of longitudinal
veins 4 and 5.
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may be more important when it is derived from tissue in or
near the longitudinal veins, since wings with very large
clones, but wild-type tissue near one or both longitudinal
veins near the PCV, had partial or complete PCVs. Our
previous studies have indicated that Dpp likely diffuses
from the longitudinal veins to help initiate BMP signaling in
the crossveins (Ralston and Blair, 2005). It therefore seems
likely that Sog in conjunction with Cv might facilitate
transport of Dpp from the longitudinal veins to the site of
future crossvein development.
Co-expression of Cv and Sog can both inhibit and facilitate
BMP signaling in the wing
We have previously shown that co-overexpression of Sog
and Tsg in wing discs using the A9-Gal4 driver results in a
small wing with disrupted veins. This phenotype is
consistent with an inhibition of BMP signaling by Sog
and Tsg, since Dpp is required both for wing disc growth
and vein formation (Ross et al., 2001). We carried out a
similar experiment with Cv and Sog. When Cv was
misexpressed by itself using the ubiquitous A9-Gal4 driver,
no effect on wing development was observed (Fig. 4A).
However, when Sog was co-expressed with Cv using the
same driver, we noted a disruption of vein formation, a
smaller wing phenotype, and a reduction in the amount of
pMad accumulation in prospective vein cells (Fig. 4B and
data not shown). These results are consistent with Cv being
able to inhibit BMP signaling in the presence of Sog.
To determine if Cv and Sog can also promote BMP
signaling at a distance, we used the en-Gal4 driver to
produce a localized source of Sog and Cv in the posterior
compartment. In this case, we also observe loss of BMP
signaling along the longitudinal veins in the posterior
compartment consistent with an inhibitory effect (Figs.
4C–F). However, we also see ectopic vein formation and
pMad staining in the anterior compartment (Figs. 4C and F).
This result suggests that, as in the embryo, Cv and Sog
likely function to redistribute BMP ligands, resulting in
enhanced signaling at a distance from the source of Sog
and Cv.
Sog and Cv preferentially bind to a Dpp/Gbb heterodimer
In the embryo, Sog and Tsg have been shown to
preferentially bind to a heterodimer of Dpp and Scw
(Shimmi et al., 2005). Scw is not expressed after the
blastoderm stage, but Gbb, another BMP-type ligand, is
expressed uniformly in the pupal wing (Conley et al., 2000),
where it is required for PCV formation (Haerry et al., 1998;
Khalsa et al., 1998; Ralston and Blair, 2005; Ray and
Wharton, 2001a). Moreover, as discussed above, a clonal
analysis of Gbb in PCV development suggests that Gbb may
form a heterodimer with Dpp in the longitudinal veins (Ray
and Wharton, 2001a).To characterize interactions of Cv and various ligands,
we first established an in vitro expression system for Cv. A
hexa-His epitope tag was added to the C-terminus of the Cv
protein. When this construct was expressed in Drosophila
S2 cells, Cv is secreted as an approximately 36-kDa protein
(Fig. 5A). This is larger than its predicted mass, suggesting
that it might be modified. We note the presence of several
putative glycosylation sites in Cv that are not found on Tsg
and that could account for the additional mass. We next
carried out co-immunoprecipitation experiments to examine
the interactions of different ligands with Sog and Cv. As
Fig. 5. A heterodimer of Dpp and Gbb is preferentially bound by Cv and Sog. (A) Both Tsg and Cv are secreted as 30 kDa and 36 kDa proteins, respectively.
(B) Co-immunoprecipitation of Sog, Cv, and Tsg with ligands. Dpp-HA, Gbb-Flag, Dpp-HA/Gbb-Flag (heterodimer), or mixture of Dpp-HA and Gbb-Flag
homodimers were mixed with Sog, Sog/Cv, Cv, Sog/Tsg, or Tsg for 3 h at 258C and incubated with anti-HA and anti-Flag antibodies coupled beads overnight
at 48C. The amounts of ligands used are shown as input. Precipitated proteins were analyzed by Western blotting using anti-Myc and anti-His antibodies. Dpp/
Gbb heterodimer binds with higher affinity to Sog and Cv or Tsg than does either homodimer.
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homodimers, Gbb homodimers, Dpp/Gbb heterodimers, or
mixture of Dpp and Gbb homodimers were incubated with
Sog alone, Cv alone, Tsg alone, or a mixture of Sog/Cv or
Sog/Tsg, we find that the heterodimer shows the highest
affinity for the various binding proteins. At this level of
resolution, we do not see a major difference in the affinity of
the heterodimer for Sog and Cv when compared with Sog
and Tsg, consistent with the ability of Tsg or Cv to rescue
mutations in the other.
We next investigated whether this interaction is able to
block signaling using a cell-based assay system. Previously,
we have shown that S2 cells express Punt, Tkv, and Sax, the
major BMP receptors, and that they will phosphorylate Mad
in a dose-dependent manner in response to exogenously
added Dpp (Shimmi and O’Connor, 2003). We have also
shown that a heterodimer of Dpp and Scw produces
approximately a tenfold greater response than equivalent
amounts of either homodimer (Shimmi et al., 2005).
We therefore first examined Mad phosphorylation
following treatment with Gbb homodimer and Dpp/Gbb
heterodimer. As shown in Fig. 6A, equivalent amounts of
Dpp, Gbb, Dpp/Gbb heterodimer, or mixture of Dpp and
Gbb homodimers showed similar signaling activities. Thus,
Gbb homodimer is quite active, unlike Scw homodimer,
which shows very low signaling activity in the cell-based
assay. Another difference is that the heterodimer of Dpp
and Gbb shows no evidence for a strong synergistic signalas found for the Dpp/Scw heterodimer. We also inves-
tigated which receptors are required for signaling by
treating the cells with dsRNA for the different receptors
before adding ligand. Previous studies have demonstrated
that Dpp homodimer primarily utilizes Tkv as a type I
receptor, while the Dpp/Scw heterodimer needs both Tkv
and Sax as type I receptors (Shimmi and O’Connor, 2003;
Shimmi et al., 2005). We find that signaling via the Gbb
homodimer is reduced by the loss of Tkv or Sax, with a
slightly stronger effect from the loss of Tkv; in contrast,
Dpp/Gbb heterodimer signaling clearly requires both Tkv
and Sax (Fig. 6B). Both cases require Punt as the type II
receptor.
Lastly, we investigated whether Sog, Cv, or the
combination of Sog and Cv influences signaling by the
Dpp homodimer, Gbb homodimer, or Dpp/Gbb heterodimer.
Consistent with the binding data presented above, we find
that the heterodimer is most sensitive to inhibition by the
combination of Sog and Cv (Fig. 6C). These results support
the idea that a heterodimer of Dpp/Gbb is likely the primary
ligand modulated by Sog and Cv in the pupal wing.Discussion
The formation of Drosophila wing veins is a very
sensitive system for examining the activity of BMP signal-
ing within the context of a developmental patterning
Fig. 6. Dpp/Gbb heterodimer signaling is preferentially blocked by Sog and Cv. (A) Comparison of BMP signaling activities of each ligand in a cell-based
signaling assay (Shimmi and O’Connor, 2003). Equivalent amounts of Dpp homodimer, Gbb homodimer, Dpp/Gbb heterodimer, a mixture of Dpp and Gbb
homodimers, or control medium were incubated with S2 cells expressing Flag-tagged Mad for 3 h. Cell extracts were probed with anti-pMad and anti-Flag
antibodies. All the ligands showed similar activities. (B) Determination of receptor requirements for Dpp/Gbb heterodimer and Gbb homodimer signaling by
RNAi analysis. S2 cells transfected by Flag-Mad were incubated with dsRNA of tkv, sax, tkv/sax, or punt. Three days after transfection, cells were incubated
with Dpp/Gbb or Gbb for 3 h and cell extracts were analyzed by Western blotting. Gbb homodimer signals preferentially through Tkv; in contrast, Dpp/Gbb
heterodimer signals exclusively through Tkv and Sax as type I receptors. (C) Sog and Cv synergistically block Dpp/Gbb heterodimer signaling. Equivalent
amounts of Dpp/Gbb heterodimer, Gbb homodimer, or Dpp homodimer were mixed with the same amounts of Sog, Cv, or Sog/Cv for 1 h at 258C, and
incubated with S2 cells expressing Flag-tagged Mad for another 3 h at 258C. BMP signaling activities were evaluated by Western blotting using anti-pMad
antibody. Dpp/Gbb heterodimer signaling was much more sensitive to Sog/Cv.
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in veins have been recognized. First, BMP signals are
produced by the developing longitudinal veins where they
act locally to help maintain the vein fate earlier specified by
EGF signaling (de Celis, 1997; Posakony et al., 1990; Ray
and Wharton, 2001a). Second, BMP signals produced in the
longitudinal veins act at longer range to initiate BMP
signaling in the crossveins (Ralston and Blair, 2005). We
show here evidence that this long-range signaling requires
the activity of both Sog and a Tsg-like molecule encoded by
the cv gene. Thus, within the context of the crossveins, Cv
and Sog play positive roles in BMP signaling. Based on
analogy to the embryonic patterning system, these results
suggest that Cv and Sog aid in the transport of BMP ligands
from producing cells to receiving cells in the posterior
crossvein competent zone.
Are Tsg and Cv functionally equivalent?
Since Tsg and Cv showed a similar domain structure, we
sought to determine if they were functionally equivalent by
expressing one in place of the other during either embryonic
or pupal development. These experiments showed that these
two products are, to some extent, genetically interchange-
able. However, Tsg and Cv may have been optimized for aparticular developmental function that likely represents
interactions with a particular ligand, i.e., Dpp/Scw hetero-
dimers in the case of Tsg and Dpp/Gbb heterodimers in the
case of Cv. A recent phylogenetic comparison of the Cv and
Tsg proteins from different insect species suggests that these
two proteins fall into distinct families, one Cv-like and one
Tsg-like (Vilmos et al., 2005). In addition, under conditions
of overexpression, cv and tsg exhibit enhanced genetic
interactions with different BMP ligands. For instance, cv
interacts better with gbb than with dpp (Vilmos et al.,
2005). While we did not see a difference in the ability of
Sog and Tsg versus Sog and Cv to bind to Dpp/Gbb
heterodimers, these data are qualitative. Thus, it is possible
that these two protein complexes could have different
affinities for different ligands that are optimal for their
particular developmental function.
A similar observation has recently been made for Tld
and Tlr proteins. These two metalloproteases show very
similar overall structure and both cleave Sog in the same
positions, but with different kinetics and site preferences.
In this case, the two proteins cannot substitute for the other
and it has been proposed that this represents optimization
of catalytic activity for a fast (Tld in the embryo) or slow
(Tlr in pupal wing vein) developmental function (Serpe
et al., in press).
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specification and amnioserosa specification in the early
embryo
In the early embryo, Tsg and Sog function together to
help redistribute BMP signals from their broad initial
distribution profiles throughout the dorsal half of the
embryo into a narrow stripe of cells centered on the dorsal
midline (Decotto and Ferguson, 2001; Ross et al., 2001;
Shimmi et al., 2005). In this model, Tsg and Sog play both
positive and negative roles. The positive role comes via
transport and the resulting increase in BMP concentration at
the dorsal midline. The negative role comes from blocking
access of the ligand to receptors in the lateral regions during
BMP transport.
The process of PCV formation appears remarkably
similar, at least in terms of the BMP signaling components
employed. As we show here, both Sog and the Tsg-like
molecule Cv are required for BMP signaling, as indicated by
the accumulation of pMad, in the developing crossveins.
Thus, both Cv and Sog play positive roles in augmenting
BMP signaling during crossvein formation. This positive
role may also come from facilitating transport of BMPs,
since co-expression of Cv and Sog in the posterior compart-
ment resulted in ectopic vein formation and BMP signaling
gains in the anterior compartment. We have observed
similar, although less penetrant, effects on anterior venation
when Sog alone was misexpressed (A.R. and S.S.B.,
unpublished).
In addition, Cv and Sog may also inhibit BMP signaling
around the longitudinal veins. A previous sog mutant clonal
analysis demonstrated a requirement for Sog in keeping
longitudinal veins straight and narrow (Yu et al., 1996). In
the absence of Sog, the veins meandered. We see a similar
effect on the longitudinal veins when cv is lost, with an
expansion in pMad accumulation around the longitudinal
veins. Thus, Cv and Sog may function together to restrict
the range of Dpp signaling along the longitudinal veins.
Two other similarities between embryonic patterning and
PCV formation are worth noting. In the embryo, the Tld
metalloprotease is required to release ligand from the
inhibitor complex of Sog and Tsg (Marques et al., 1997;
Shimmi and O’Connor, 2003). Likewise, the Tolloid-related
protease Tlr is required for PCV formation (Finelli et al.,
1995; Nguyen et al., 1994; Serpe et al., in press). Tlr is
expressed in the pupal wings, when it is required for
crossvein pMad, and has recently been shown to process
Sog at the same three sites as does Tld (Serpe et al., in
press). Thus, it seems likely that Tlr is needed to release a
BMP ligand for signaling in the PCV competent zone.
There may also be strong similarities between the
embryo and crossvein patterning in their use of ligands. In
the embryo, both Dpp and Scw are needed to specify the
amnioserosa, while for PCV specification, both Dpp and
Gbb are required. Sog and Tsg show the highest affinity for
the heterodimer of Dpp/Scw in the embryo, suggesting thatthis is the primary transported ligand. Similarly, we show
here that the ligand with highest affinity for Cv and Sog is a
heterodimer of Dpp and Gbb. Interestingly, previous gbb
mutant clonal analysis showed that the PCV was lost only
when a gbb clone encompassed adjacent longitudinal vein
material (Ray and Wharton, 2001a). Since the longitudinal
veins serve as the source of Dpp during PCV specification
(Ralston and Blair, 2005), these observations are consistent
with the notion that a heterodimer of Dpp and Gbb is the
primary ligand that specifies PCV formation.
Differences between BMP patterning processes in the early
embryo and pupal vein development
Although similarities between embryonic dorsoventral
patterning and PCV formation are striking, there are clear
differences. The most notable is the geometry of the system.
Why is the long-range signaling from the longitudinal veins
limited to the crossvein regions? Examination of the
expression patterns of several components may provide
some clues. Tkv expression is reduced in the crossveins (de
Celis, 1997; Ralston and Blair, 2005), and since binding to
receptor is a major impediment to diffusion in wing discs
(Haerry et al., 1998; Lecuit and Cohen, 1998), this might
enhance net flux of ligand into the area of reduced Tkv
expression. However, down-regulation of tkv in the PCV
actually depends on high levels of BMP signal (Ralston and
Blair, 2005). Therefore, it is not likely that reduced Tkv
expression provides a channel for ligand flow; rather, it may
reinforce a flux direction that is initiated by other means.
In this regard, it is notable that sog expression is also
reduced in the crossvein regions and this is independent of
BMP signaling (Ralston and Blair, 2005). As in the embryo,
Sog flux from areas of high expression, i.e., intervein
regions in the wing, into areas of low expression, the
crossvein zones, might provide the proper positional
information. Consistent with this view is the observation
that uniform expression of Sog eliminates the initial stages
of crossvein development (Ralston and Blair, 2005).
However, there are inconsistencies in this simple model.
While misexpression of Sog can lead to loss of the crossvein
(Yu et al., 1996), normally positioned crossveins appear
when Sog misexpression is coupled with ubiquitous
expression of Cv-2 (Ralston and Blair, 2005), suggesting
that crossvein positioning can be independent of the sog
expression pattern. Similarly, loss of sog from clones does
not induce ectopic crossveins (this study).
Another possibility is that the cleavage of Sog is spatially
regulated. In the embryo, Tld is expressed in the dorsal
domain, and since its ability to process ligand is dependent
on the Dpp concentration, the processing rate will be highest
at the dorsal midline (Marques et al., 1997; Shimmi and
O’Connor, 2003). However, in the pupal wing, tlr is not
expressed at higher levels in the crossvein zones; instead, it
is high in the entire intervein (Serpe et al., in press).
Therefore, it is not clear how the ligand would be released
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crossveins. Moreover, uniform expression of tlr causes only
mild expansion of the crossveins (Serpe et al., in press).
Perhaps the key to understanding the differences between
the embryonic patterning process and that of the crossveins
will be determining the mechanism of action of other gene
products that are required for crossvein formation. These
include cv-c, cv-d, detached, and the cv-2 gene products
(Crozatier et al., 2004). Among these genes, only the cv-2
product has been identified; it is a large secreted factor that
contains CR domains, similar to those found in Sog, and is
expressed in the developing crossveins (Conley et al.,
2000). The major distinction between Sog and Cv-2 is that
Cv-2 contains a Von Willebrand type D domain found on
many blood-clotting proteins that is not present in Sog. In
Chordin, the CR modules are responsible for BMP binding
(Larrain et al., 2000) and vertebrate Cv-2 homologs have
also been shown to bind BMPs (Binnerts et al., 2004;
Coffinier et al., 2002; Coles et al., 2004; Kamimura et al.,
2004). Depending on the assay used, vertebrate Cv-2
homologs can either inhibit or promote signaling. Cv-2
does not seem to be required in the early embryo, yet it is
essential for crossvein formation. We have recently found
that Drosophila Cv-2, like its vertebrate counterparts, can
also bind BMPs and, although it is a secreted protein, Cv-2
can associate with the cell surface (Serpe and O’Connor,
unpublished). One possibility is that it captures BMPs,
perhaps from a Sog/Cv complex, and keeps them close to
the cell surface and in this way promotes BMP signaling by
keeping the local BMP concentration high. It may also play
a more direct role as a coreceptor.
Nonetheless, while cv-2 is expressed in the crossveins,
and is required for BMP signaling there, ubiquitous
expression of cv-2 does not disrupt the positioning of the
crossveins, even when coupled with ubiquitous expression
of sog (Conley et al., 2000; Ralston and Blair, 2005). Thus,
other genes must act in conjunction with or upstream of
these BMP modulators to help establish the crossvein
competent zone. It is interesting to note in this regard that
mutations in CDC42 induce ectopic crossveins, suggesting
that it might be involved in the process that selects the site
of crossvein formation (Baron et al., 2000; Genova et al.,
2000).
Other developmental roles for Cv?
Normally, tsg is only expressed in the early blastoderm
embryo. However, sog is expressed at several other
developmental stages. In fact, this was one of the
motivations to look for additional Tsg homologs, so that
we might determine if Sog always utilizes a Tsg-like partner
or whether in some developmental processes it might act
alone. One late embryonic process in which Sog has been
implicated is to regulate tracheal morphogenesis (Wappner
et al., 1997). As in vein formation, tracheal patterning
requires input from the EGFR and Dpp pathways. However,in this case, each pathway is antagonistic to the other.
Normally, sog is expressed as a dorsal stripe abutting the
tracheal pits, and in sog mutant embryos, hyper-activation
of Dpp leads to a loss of dorsal trunk and a reduction in
visceral branches (Wappner et al., 1997). It was therefore
interesting that cv is also expressed in and around the
tracheal pits, but tsg is not expressed at this stage. However,
we were unable to detect any alteration in tracheal
development in cv mutants. Indeed, these embryos appear
fully viable and the resulting adults are fertile. These results
suggest that Cv has no other essential role in development.
The pattern of cv expression around the tracheal pits may
reflect a prior evolutionary involvement in tracheal develop-
ment that is now provided by Sog alone or perhaps by Sog
in conjunction with some other unknown BMP modulatory
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